Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a standard treatment for children with high-risk acute myeloid leukemia (AML) and very high-risk acute lymphoblastic leukemia (ALL)[@b1][@b2]. The antileukemic efficacy of allo-HSCT is attributed to high-dose chemotherapy with or without radiotherapy, and graft-versus-leukemia (GVL) effects mediated by donor immune cells[@b3]. The clinical significance of allo-HSCT has long been based on the assumption that myeloablative doses of cytotoxic therapy are requisite for both disease eradication and host immunosuppression[@b4]. Conventional myeloablative conditioning (MAC) regimens, however, often cause severe regimen-related toxicity (RRT). Accordingly, elderly patients or patients with poor performance status (PS) are not able to receive allo-HSCT combined with conventional MAC regimens because of their direct adverse effects on various organs. In addition, RRT may impede the effective delivery of drugs for the prophylaxis/treatment of infections and for graft-versus-host disease (GVHD)[@b5][@b6].

To reduce MAC-induced toxicity, reduced-intensity conditioning (RIC) and non-myeloablative conditioning (NMAC) were introduced to adult patients from 1995[@b7]. This idea was driven from findings that the curative potential of allo-HSCT is not only due to the intensity of conditioning, but also to its immunologic GVL effects. NMAC/RIC was mainly used for adult patients with AML, myelodysplastic syndrome (MDS) or chronic myeloid leukemia, for which GVL effects are expected. On the other hand, NMAC/RIC is applied to a small number of ALL patients because of inadequate GVL effects and poor outcome[@b8][@b9][@b10]. Recently, a novel reduced-toxicity myeloablative conditioning (RTMAC) regimen, i.e., the combination of fludarabine (FLU) and busulfan (BU), was shown to provide better outcome, when compared with NMAC/RIC, for adult leukemia[@b11][@b12].

For childhood hematological malignancies, conventional MAC regimens have been continuously used as the preferred conditioning, because more intensive pretransplant approaches are tolerable for pediatric patients with good PS. Nevertheless, many patients suffer from poor quality of life in accordance with the increase in long-term survivors who received allo-HSCT after a conventional MAC regimen during childhood[@b13][@b14][@b15][@b16][@b17]. We therefore devised an RTMAC regimen consisting of 8-Gy total body irradiation (TBI), FLU and cyclophosphamide (CY) for pediatric hematological malignancies, and reported low toxicity during the early post-transplantation period[@b18]. Since median follow-up period has exceeded 7 years, we here report the details of outcomes, efficacy and safety.

Results
=======

Patients and disease characteristics
------------------------------------

The characteristics of the 31 patients who underwent first allo-HSCT after an 8-Gy TBI/FLU/CY regimen are summarized in [Table 1](#t1){ref-type="table"}. The diagnoses were ALL (*n* = 11), AML (*n* = 13), MDS (*n* = 4), JMML (*n* = 1) and acute leukemias of ambiguous lineage (ALAL) (*n* = 2). The median age of patients was 8.0 years (range, 0.8--18.7 years). Fifteen patients received bone marrow transplantation (BMT) from related donors. Six patients underwent unrelated BMT. The remaining 10 patients received unrelated cord blood transplantation (CBT). Before allo-HSCT, all of the 31 patients were at grade 0 or 1 of the Eastern Cooperative Oncology Group Performance Status grading. Two patients who had central nervous system disease received additional craniospinal irradiation after allo-HSCT.

Engraftment
-----------

While 3 patients showed early hematological relapse, the remaining 28 patients achieved neutrophil and platelet engraftments after the median of 19 days (range, 9--42 days) and 31 days (range, 14--99 days), respectively. Full donor chimerism was obtained within 100 days in all of these 28 patients ([Table 2](#t2){ref-type="table"}).

Toxicities
----------

RRT at grades of 1, 2 and 3 appeared in 21 (16 patients, diarrhea; 3 patients, cytomegalovirus reactivation; 2 patients, mucositis oral), 6 (5 patients, diarrhea; 1 patient, mucositis oral) and 10 (3 patients, hemorrhagic cystitis; 2 patients, catheter-related infection; 2 patients, sepsis, 1 patient, pancreatitis; 1 patient, fungal pneumonia; 1 patient, mucositis oral) of the patients, respectively. Furthermore, none of the patients developed grade 4 or 5 toxicities during the study period in patients who did not relapse after first allo-HSCT.

GVHD
----

Incidences of acute and chronic GVHD were evaluated in the 28 patients who achieved engraftment ([Table 2](#t2){ref-type="table"}). Twelve patients experienced grade III acute GVHD, but grade IV was not found. Moderate to severe chronic GVHD occurred in 4 of the 28 patients. The median times of onset of acute and chronic GVHD were 21 days (range, 10--55 days) and 4 months (range, 3--12 months), respectively.

Survival
--------

The median follow-up period was 7.7 years (range, 2.4--10.5 years). Twenty-four patients are disease-free alive at present. Nine patients (2 patients with ALL and 7 patients with AML) relapsed after the first allo-HSCT. The median time of onset of relapse after allo-HSCT for the 9 patients who relapsed was 246 days (range, 9--722 days). Six patients with relapsed leukemia/MDS (2 patients, ALL; 3 patients, AML; 1 patient, MDS) received a second allo-HSCT after a preparative regimen consisting of cytarabine, idarubicin and FLU for 3 patients, after a full dose BU-based regimen for 2 patients, and after an 8-Gy TBI/FLU/CY regimen for 1 patient. The median interval between first allo-HSCT and second allo-HSCT was 16 months (range, 1.5--24 months). After the second allo-HSCT, 2 AML patients have survived without leukemic relapse. As presented in [Figure 1](#f1){ref-type="fig"}, the 5-year overall survival (OS) and relapse-free survival (RFS) of a total of 31 patients transplanted after an RTMAC regimen were 80% (95% confidence interval: CI, 61--91%) and 71% (95% CI, 52--84%), respectively. The 5-year OS and RFS of 11 ALL patients were 91% (95% CI, 51--99%) and 82% (95% CI, 45--95%), respectively. The 5-year OS and RFS of 18 patients with myeloid malignancies (AML, MDS and JMML) were 71% (95% CI, 43--87%) and 61% (95% CI, 35--79%), respectively.

Prognostic factors for survival
-------------------------------

([Table 3](#t3){ref-type="table"}) We evaluated prognostic factors in the 31 patients who received allo-HSCT after 8-Gy TBI/FLU/CY regimen. Univariate analysis showed no effects from age, sex, stem cell source, human leukocyte antigen (HLA) compatibility, GVHD and interval from onset to first allo-HSCT on 5-year OS and RFS. Only the disease status \[non-complete remission (non-CR) vs. CR\] had a significant impact on both 5-year OS and RFS (*p* \< 0.01 and 0.03, respectively).

Discussion
==========

NMAC/RIC have been reported as the preparative regimen for allo-HSCT of pediatric patients with hematological malignancy in poor PS and for second allo-HSCT[@b19][@b20][@b21][@b22][@b23][@b24]. In these days, non TBI-based RTMAC regimens have been used for first allo-HSCT of pediatric patients with hematological malignancy[@b25][@b26][@b27]. On the other hand, there is only one report on TBI-based RTMAC regimen (9-Gy TBI + FLU + melphalan) for pediatric hematological malignancies[@b28]. The aim of this study was to evaluate the efficacy of the 8-Gy TBI/FLU/CY regimen that was used as a preparative conditioning of first allo-HSCT for pediatric patients with hematological malignancies who had a good PS.

There are some favorable outcomes in allo-HSCT after our RTMAC regimen; (1) free from non-relapse mortality (NRM), (2) low frequency of graft failure, especially in CBT, (3) feasibility of second allo-HSCT after relapse.In pediatric allo-HSCT, the cumulative incidences of NRM after conventional MAC were reported to be 15--37%[@b29][@b30][@b31][@b32][@b33][@b34][@b35]. Several studies showed that NRM after RTMAC regimens without TBI contributed to less NRM than that after conventional MAC in adults (12%)[@b11][@b12] and in children (13.6%)[@b26]. Our RTMAC regimen induced no NRM. Thus, the reducing dose of TBI at least to 8-Gy appears to confer less organ damage on pediatric patients.Graft failure is one of the major problems for CBT after an NMAC/RIC/RTMAC regimen[@b20][@b21][@b26]. Paillard *et al.*[@b20] and Bradley *et al.*[@b21] reported that 4 of 5 CB and 6 of 21 CB, respectively, failed to engraft into pediatric patients, when RIC was used as the preparative conditioning. Satwani *et al.*[@b26] reported that graft failure occurred in 16 of 51 patients who received CBT after non TBI-based RTMAC regimen. In our study, all 9 patients who received CBT achieved engraftment after 8-Gy TBI-based RTMAC regimen excluding one patient with early relapse. Thus, our RTMAC regimen may have sufficient intensity to engraft CB into patients with pediatric hematological malignancies, resulting in comparable 5-year OS and RFS between CBT and BMT ([Table 3](#t3){ref-type="table"}).High NRM is one of the important problems in second allo-HSCT[@b36]. In our study, 9 patients relapsed hematologically after the first allo-HSCT, but 6 patients could receive a second allo-HSCT. Two of them are alive and disease-free. The remaining 4 patients were dead of disease progression. NRM was not observed after second allo-HSCT. Thus, relapsed patients who received a first allo-HSCT after our RTMAC could undergo second allo-HSCT with relative safety.

Satwani *et al.*[@b26] reported the largest study of pediatric patients with malignant disease (*n* = 50; 24 patients with leukemia/MDS, 16 patients with lymphoma, 10 patients with neuroblastoma) who had received non TBI-based RTMAC for allo-HSCT. According to their report, 5-year OS and 5-year RFS were 64% and 58%, respectively. Our OS and RFS compare favorably with those of theirs, although patients\' characteristics differed widely between two groups. Our 8-Gy TBI-based RTMAC regimen would have equal effectiveness to BU-based RTMAC regimens.

In adult ALL cases, there have been few reports of successful outcomes after allo-HSCT prepared with NMAC/RIC, probably due to inadequate GVL effects and high RRT[@b8][@b9][@b10]. Kato *et al.*[@b27], however, reported that 5 of 7 pediatric patients with ALL who received allo-HSCT after RTMAC consisting of FLU, cytarabine, granulocyte colony-stimulating factor and melphalan were alive in CR for a long period of time. In our study, 9 of 11 pediatric patients with ALL in CR are disease-free alive at present Median follow-up period is 6.6 years (range, 2.4--10.1 years). Thus, allo-HSCT combined with RTMAC regimen seems to exert antileukemic effects for children with ALL in CR.

In conclusion, this study indicates that allo-HSCT with an 8-Gy TBI/FLU/CY RTMAC regimen would be less toxic and has enough ability to engraft for children with hematological malignancies. An evaluation of long term prognosis including late effects will be necessary for this RTMAC regimen.

Methods
=======

Study design and patient eligibility
------------------------------------

A retrospective single-center analysis was performed on patients with leukemia or MDS, aged ≤20 years, who had received an RTMAC regimen consisting of 8-Gy TBI/FLU/CY followed by allo-HSCT at Shinshu University Hospital between March 2004 and December 2012. Patient information until August 31, 2014 was used in all transplanted children. The following patients were excluded from this study: (1) patients with chromosomal abnormalities in the germline; (2) patients with a history of prior allo-HSCT; (3) patients with a history of radiation therapy. Written informed consent was obtained from each patient and/or guardians before allo-HSCT. The indications for allo-HSCT in initial CR for AML, included high-risk cytogenetics (monosomy 7), morphologic subtypes M6 or M7 and AML with myelodysplasia-related changes. Allo-HSCTs were performed in first CR for ALL patients who had high-risk chromosomal translocations \[t(9;22) or MLL rearrangement\], had initial induction failure or had the allo-HSCT risk of the Tokyo Children\'s Cancer Study Group Study L99-15[@b37]/L04-16 (Unique trial number: UMIN000001413). All patients with ALAL underwent allo-HSCT. Allo-HSCT was indicated for all relapsed AML and ALL except B-lineage ALL that relapsed 6 months after completion of chemotherapy or isolated extramedullary relapse. Forty-one patients received their first allo-HSCT during study period. Among them, 31 of the patients underwent allo-HSCT after the 8-Gy TBI/FLU/CY regimen. For 7 patients with ALL in non-CR, we used a 12-Gy TBI/FLU/CY regimen instead of RTMAC. A 12-Gy TBI-based regimen or full dose BU-based regimen was applied to 2 patients with ALL in CR and 1 patient with JMML because one of the patient\'s guardians requested this regimen, and 2 patients (Philadelphia-positive ALL and JMML) were transplanted according to the protocols of the Japanese Pediatric Leukemia/Lymphoma Study Group (Unique trial number: C000000290, UMIN000005936).

Ethics statement
----------------

The institutional review board at Shinshu University School of Medicine approved all study procedures. The study was performed in accordance with approved guidelines. Written informed consent was obtained from each patient and/or guardians. The study was carried out in compliance with the Helsinki Declaration.

Donor selection
---------------

HLA antigens for A, B, C, and DRB1 were determined by high-resolution DNA typing. The primary criterion for donor selection was HLA compatibility, defined as a 6/6 allele match (at the A, B, and DRB1 loci) or a 5/6 allele match (single-antigen mismatch at the A, B, or DRB1 locus), with a preference for a 6/6 match.

Conditioning regimen and additional craniospinal irradiation
------------------------------------------------------------

Preparative conditioning regimen consisted of TBI (2-Gy/day, day −7 to day −4), FLU (30 mg/m^2^/day, day −8 to day −4) and CY (60 mg/kg/day, day −3, −2) ([Figure 2](#f2){ref-type="fig"}). No patients received antithymocyte/antilymphocyte globulin. After allo-HSCT, additional craniospinal irradiation (brain, 10-Gy; spinal, 7-Gy) was performed for patients with central nervous system disease.

GVHD prophylaxis
----------------

When the stem cell source was an HLA-identical sibling (at the A, B, and DRB1 loci), short-term methotrexate and cyclosporine A (starting at 3 mg/kg/day on day −1) were used for acute GVHD prophylaxis. When BM cells were obtained from a mismatched sibling, a parent, or an unrelated donor, we used short-term methotrexate and tacrolimus (starting at 0.03 mg/kg/day on day −1) with or without methylprednisolone. In CBT, tacrolimus and methylprednisolone were administered intravenously. Acute and chronic GVHD was graded according to standard criteria[@b38][@b39].

Supportive care
---------------

Granulocyte-colony stimulating factor was administered intravenously to ALL patients from day 5, and its use was discontinued after the neutrophil count exceeded 1,500/μL. Acyclovir (10 mg/kg/day) and micafungin (2 mg/kg/day) were given intravenously during the peritransplant period. Intravenous gamma globulin was administered at 200 mg/kg every 2 weeks up to day 60, and thereafter monthly up to 1 year. Trimethoprim/sulfamethoxazole was used after engraftment for prophylaxis of *Pneumocystis jiroveci* infections.

Assessment of engraftment
-------------------------

Neutrophil engraftment was defined as the first of three consecutive days with an absolute neutrophil count of at least 500/μL. Platelet engraftment was defined as the first day that the platelet count exceeded 50,000/μL without platelet transfusion. Engraftment failure was defined by the absence of blood cell count recovery at day 100 or hematopoietic reconstitution with autologous cells. Hematopoietic chimerism was evaluated in BM cells by fluorescent in situ hybridization with the probes specific to sex chromosomes and/or by analysis of DNA microsatellite polymorphisms by polymerase chain reaction (PCR)[@b40]. Chimerism was assessed at 1, 2 and 3 months after allo-HSCT and subsequently every 3 to 6 months for 2 years. Full donor chimerism was defined as the presence of higher than 99% donor cell profiling.

Definition of CR, relapse, and minimal residual disease (MRD)
-------------------------------------------------------------

CR was defined as a normal peripheral blood cell count (absolute neutrophil count \> 1,000/μL and platelet count \> 100,000/μL) and normocellular marrow with less than 5% blasts in the marrow. In addition, no signs or symptoms are evident of central nervous system leukemia or other extramedullary infiltration. Hematological relapse was defined as more than 20% blasts in the marrow. Hematological relapse within 100 days of allo-HSCT was defined as early relapse. In ALL and ALAL, we evaluated MRD by the presence of rearrangements of genes of immunoglobulin heavy chain or T-cell receptor using PCR[@b41].

Assessment of toxicity
----------------------

RRT during the period from conditioning up to day 100 of allo-HSCT was assessed according to the National Cancer Institute\'s Common Terminology Criteria for Adverse Events Version 4.0. All transplant events excluding GVHD and hematological toxicities were categorized as RRT. Death after relapse was categorized as death due to the disease progression irrespective of any other causes. Deaths in the absence of active malignancy were categorized as NRM.

Statistical analyses
--------------------

Actuarial estimates of OS and RFS were made using the Kaplan-Meier technique. Patients were censored for OS if they were alive at last follow-up. Patients were censored for RFS if they showed continued CR after first allo-HSCT. We used a logrank test to evaluate prognostic factors for 5-year OS and PFS. We calculated the parameters including disease status (CR vs. non-CR), age (\<10 years of age vs. ≥10 years), sex, donor type (BM vs. CB, related vs. unrelated), HLA (8-7/8 allele matched related BM or 8/8 matched unrelated BM/CB vs. others), GVHD and interval from onset to transplantation (\<2 years vs. ≥2 years). Analysis was performed with EZR[@b42].
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###### Characteristics of 31 patients who received allo-HSCT after 8-Gy TBI/FLU/CY conditioning regimen

  Characteristics                                                            Value
  ------------------------------------------------------------------- -------------------
  **Sex, no.** Male                                                           16
  Female                                                                      15
  **Median age at transplantation, years (range)**                      8.0 (0.8--18.7)
  **Median time from diagnosis to transplantation, months (range)**        9 (2--92)
  **Diagnoses, no. of recipients**                                              
  ALL                                                                         11
  CR1 (MRD+)                                                                 4 (0)
  CR2 (MRD+)                                                                 7 (0)
  B-lineage (MLL rearrangement)                                              9 (2)
  T-lineage                                                                    2
  AML                                                                         13
  CR1                                                                          3
  CR2                                                                          4
  Refractory disease                                                           6
  M2 \[t(8;21)\]                                                             5 (4)
  M3 \[t(15;17\]                                                             1 (1)
  M5 (MLL rearrangement)                                                     1 (1)
  M6                                                                           1
  M7 (monosomy 7/trisomy 8)                                                 5 (2/3)
  MDS                                                                          4
  CR1                                                                          1
  Untreated primary disease                                                    3
  RAEB-2 (monosomy 7)                                                        2 (1)
  RCMD (monosomy 7)                                                          2 (2)
  JMML                                                                         1
  Untreated primary disease                                                    1
  ALAL                                                                         2
  CR1 (MRD+)                                                                 1 (0)
  CR2 (MRD+)                                                                 1 (0)
  **Cytogenetic abnormalities**                                                 
  MLL rearragement                                                             3
  monosomy 7                                                                   5
  trisomy 8                                                                    3
  t(8;21)                                                                      4
  t(15;17)                                                                     1
  normal karyotype                                                            10
  others                                                                       5
  **Central nervous system disease**                                           2
  **Stem cell source** (HLA-matching: A, B, C, DRB1)                            
  Related BM, 8/8                                                              6
  Related BM, 7/8                                                              3
  Related BM, 6/8                                                              2
  Related BM, 5/8                                                              1
  Related BM, 4/8                                                              3
  Unrelated BM, 8/8                                                            4
  Unrelated BM, 7/8                                                            2
  Unrelated CB, 7/8                                                            4
  Unrelated CB, 6/8                                                            5
  Unrelated CB, 5/8                                                            1
  **Infused cell dose**                                                         
  BM TNC, ×10^8^                                                       4.30 (1.9--15.6)
  BM CD34, ×10^6^                                                      3.99 (1.8--14.0)
  CB TNC, ×10^8^                                                       0.65 (0.23--1.26)
  CB CD34, ×10^6^                                                      0.14 (0.07--0.27)

ALAL, acute leukemias of ambiguous lineage; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BM, bone marrow; CB, cord blood; CR, complete remission; CY, cyclophosphamide; FLU, fludarabine; HLA, human leukocyte antigen; HSCT, hematopoietic stem cell transplantation; JMML, juvenile myelomonocytic leukemia; MDS, myelodysplastic syndrome; MRD+, minimal residual disease positive; RAEB, refractory anemia with excess blasts; RCMD, refractory cytopenia with multilineage dysplasia; TBI, total body irradiation; TNC, total nucleated cells.

###### Frequency of engraftment, chimerism and GVHD in 31 patients who received allo-HSCT after 8-Gy TBI/FLU/CY conditioning regimen

                                                                 BMT           CBT          Total
  --------------------------------------------------------- ------------- ------------- -------------
  **No. of patients**                                            21            10            31
  **Engraftment**                                                                              
  Neutrophil engraftment                                         19             9            28
  Median interval of neutrophil engraftment, days (range)    17 (9--28)    30 (18--42)   19 (9--42)
  Platelet engraftment                                           19             9            28
  Median interval of platelet engraftment, days (range)      24 (14--66)   54 (24--99)   31 (14--99)
  **Chimerism/relapse up to day 100**                                                          
  Full chimerism                                                 19             9            28
  Mixed chimerism without early relapse                           0             0             0
  Relapse                                                         2             1             3
  **Acute GVHD**                                                                               
  Grade 0                                                         6             3             9
  Grade I                                                         5             1             6
  Grade II                                                        0             1             1
  Grade III                                                       8             4            12
  Grade IV                                                        0             0             0
  Not assessable                                                  2             1             3
  **Chronic GVHD**                                                                             
  None                                                           12             9            21
  Mild                                                            3             0             3
  Moderate                                                        3             0             3
  Severe                                                          1             0             1
  Not assessable                                                  2             1             3

BMT, bone marrow transplantation; CBT, cord blood transplantation; CY, cyclophosphamide; FLU, fludarabine; GVHD, graft-versus-host disease; HSCT, hematopoietic stem cell transplantation; TBI, total body irradiation.

###### Univariate analyses of prognostic factors in 31 patients who received allo-HSCT after 8-Gy TBI/FLU/CY conditioning regimen

                                                                           Percentage 5-year OS (95% CI)    *p*-value    Percentage 5-year RFS (95% CI)   *p*-value
  ----------------------------------------------------------------------- ------------------------------- ------------- -------------------------------- -----------
  **Age**                                                                                                                                                      
  \<10 years                                                                        83 (56--94)               0.31                78 (51--91)               0.38
  ≥10 years                                                                         76 (42--91)            62 (31--82)                                         
  **Sex**                                                                                                                                                      
  Male                                                                              87 (57--97)               0.19                81 (53--94)               0.19
  Female                                                                            73 (43--89)            60 (32--80)                                         
  **Stem cell source**                                                                                                                                         
  BM                                                                                75 (50--89)               0.34                62 (38--79)               0.15
  CB                                                                                90 (47--99)            90 (47--99)                                         
  Related                                                                           79 (47--93)               0.68                60 (32--80)               0.24
  Unrelated                                                                         81 (53--94)            81 (53--94)                                         
  **HLA**                                                                                                                                                      
  8-7/8 allele matched related BM or 8/8 allele matched unrelated BM/CB             84 (49--96)               0.98                69 (37--87)               0.94
  Others                                                                            77 (50--91)            72 (46--87)                                         
  **Disease status**                                                                                                                                           
  CR                                                                                95 (70--99)              \<0.01               81 (57--92)               0.03
  Non-CR                                                                            50 (18--75)            50 (18--75)                                         
  **Acute GVHD**                                                                                                                                               
  Grade 0, I                                                                        76 (47--90)               0.29                59 (33--78)               0.12
  Grade II--IV                                                                      86 (54--96)            86 (54--96)                                         
  **Chronic GVHD**                                                                                                                                             
  Yes                                                                               73 (50--87)               0.09                65 (42--81)               0.23
  No                                                                                    100                88 (39--98)                                         
  **Interval from onset to transplantation**                                                                                                                   
  \<2 years                                                                         79 (56--91)               0.57                67 (44--82)               0.34
  ≥2 years                                                                          86 (33--98)            86 (33--98)                                         

BM, bone marrow; CB, cord blood; CI, confidence interval; CR, complete remission; CY, cyclophosphamide; FLU, fludarabine; GVHD, graft-versus-host disease; HLA, human leukocyte antigen; HSCT, hematopoietic stem cell transplantation; OS, overall survival; RFS, relapse-free survival; TBI, total body irradiation.
